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An optical wavelength 
multiplexer/demultiplexer including a substrate, an 
input cliannel waveguide provided on the substrate, an 
input slab waveguide of which one end is connected to 
the input channel waveguide, a channel waveguide array 
of which one side is connected to. the other side of the 
input slab waveguide and which has a plurality of 
channel waveguides, the plurality of channel waveguides 
each of which differs in length from Its neighboring 
waveguide by redetermined amount, an output slab 
waveguide of which one side is connected to the other 
side of the channel waveguide array, and a plurality of 
output channel waveguides which are connected to the 
other side of the output slab wave guide, said input 
slab waveguide or output slab waveguide having a 
temperature compensation material, in its light path, 
having an opposite sign of diffraction temperature 
change to the plurality of channel wave guides, a 
material capable of canceling change In In-phase plane 
of light having each wavelength which occurs on a 
vicinity of the channel waveguide array and the slab 
waveguide, the material being provided in the curved 
form so that it may cross the light traveling direction, 
or a waveguide element for band width adjustment on 
which a v\/aveguide to adjust band width of wavelength 
multiplexing light is provided. According to the 

optical wavelength multiplexer/demultiplexer of the 
invention, the following advantages can be obtained; an 
angle in the in-phase plane of output light in the 
channel waveguide array is not changed regardless of 
the temperature change around the channel v^/aveguide 
array, the increase of the loss is restrained, the most 
optimized spectrum response is provided, a 

setting of the center wavelength is finely adjusted, 
the electric field distribution is most optimized, the 
band width is expanded, the flatter loss is reduced, 
and the cross-talk is reduced. 
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waveguide by redetermined amount, an output slab waveguide of which one side is connected to the other side of the 
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-OPTICAL WAVELENGTH MULTIPLEXER/DEMULTIPLEXER" 

FIELD OF THE INVENTION 

The present invention relates to an optical wavelength 
multiplexer/demultiplexer, and more particularly, relates to a 

temperature -unreliable, optical wavelength 

multiplexer/demultiplexer using an arrayed -waveguide diffraction 
grating (hereinafter, called as "channel waveguide array " ) composed 
of a plurality of channel waveguides having a silica glass as a 
core and having different length from each other, in which loss 
resulted of grooves that are formed on slab waveguide is reduced 
and of which spectrum response is optimized, and also relates to 
a channel waveguide array which is used for a wavelength-division 
multiplex transmission system. 

BACKGROUND OF THE INVENTION 

In the field of optical communication, a wavelength-division 
multiplexing transmission system that a plurality of signals are 
put on light having a plurality of wavelengths and the light loaded 
with the plurality of signals are transmitted through one optical 
fiber to increase optical communication capacity has been 
investigated and has been partially implemented in products. In 
the system, an optical wavelength-division 

multiplexer/demultiplexer for multiplexing or demultiplexing a 
plurality of signal lights plays an important role. Among others, 
ah optical wavelength multiplexer/demultiplexer using a channel 
waveguide array can implement multiplexing/demultiplexing at a 
narrow wavelength spacing, and hence, can increase the number of 
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multiplexing in communication capacity. 

In Pigs, land 2, the optical wavelengthmultiplexer/dimultlplexer 
comprises a silica substrate 1, a channel waveguide array 3a composed 
of a plurality of the channel waveguides 3 provided on the substrate 

1 in certain pattern, each channel waveguide being composed of cores 

2 made of silica glass, and a cladding 4 made of a pure silica glass 
and provided on the substrate 1 so that the core 2 and the substrate 
1 may be covered with the cladding. To the core, titanium oxide 
{Ti02) is added. The channel waveguide 3 is formed by the core 2 
and the cladding 4 and the channel waveguide array 3 has, for example, 
twenty- two channel waveguides 3. Each channel waveguide 3 of the 
channel waveguide array 3a has different length from each other 
so that it becomes longer from one end to the other end (longer 
side) . The channel waveguide array 3a is expected as a key device 
for the wavelength multiplex transmission system in case that the 
number of channel is increased, because it can be manufactured by 
same process and steps regardless of the number of the channel and 
because deterioration of its characteristics such as loss is less 
in principle. With respect to a transmitting wavelength, a channel 
interval and a transmitting center wavelength can be generally set 
by 100 GHz (approximately, 0.8 nm) or its multiple in accordance 
with the international standard. 

To both sides of the channel waveguide array 3a, a fan- shaped 
input Blab waveguide 5 which may be called, hereinafter, as "input 
waveguide" and an fan- shaped output slab waveguide 6 which may be 
called, hereinafter, as "output waveguide" are connected . One input 
channel waveguide 7 is connected to the fan -shaped input slab 
waveguide 5 and a plurality of output channel waveguides 8-1 ~ 8-8. 



CA 0231S4S8 2000-08-09 



In the above structure. signal lights including various 
wavelengths input in the input channel waveguide 7 are input through 
the fan-shaped input slab waveguide 5 in each core 2 of the channel 
waveguide array 3a. The signal lights input in the channel waveguide 
array 3a propagate through each core 2 to the fan- shaped output 
slab waveguide 6, in which a light - collecting position is shifted 
in the contact surface of the fan- shaped output slab waveguide 6 
and the output channel waveguides 8-1 8-8 because in-phase plane 
is declined depending on the wavelengths. As a result, the output 
signal lights in the fan- shaped output slab waveguide 6 are 
selectively output to the output channel waveguides 8-1 8-8 in 
accordance with the shift condition of the in-phase plane, whereby 
signal lights having different wavelengths are output from the eight 
waveguides . 

A length "L" of each channel waveguide 3 in the channel waveguide 
array 3a changes by thermal expansion and a refractive index of 
silica glass constituting the core 2 changes with a temperature 
change. Accordingly, if a temperature changes, for example, from 
0*0 to 60*0, the in-phase plane 9 changes to the in-phase plane 10 
as shown in Fig. 1. As a result, a light-collecting position is 
shifted in accordance with the temperature change, and wavelengths 
to be demultiplexed change. 

in Fig. 3. -d - is a pitch of the channel waveguide in the channel 
waveguide array 3a and -6" is an emerging angle of signal light 
from the channel waveguide to the output slab waveguide 6. If it 
is required to keep the in-phase plane shown in Fig . 1 to be continuous 
with respect to certain wavelength, the following equation has to 
be satisfied. 



I 
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{27r/A) Neff • AL + (27r/A) ne • d sin 0 - 2 Ttm (i) 

wherein "A" is a wavelength, "m" is the number of degree (m « 1, 
^' ^' " " ALisa difference of length in the channel waveguide 

of the channel waveguide array 3a, Neff is an effective refractive 
index of the channel waveguide array 3a, and n^ is an effective 
refractive index n of the fan-shaped output slab waveguide 6. The 
effective refractive indexes Neff and n. are equal to the refractive 
index of silica glass which is used in the channel waveguide array 
3a as the core 2, and therefore, n is nearly equal to Neff and ns, 
respectively. Thus, the following formula can be derived from the 
formula (1) . 

*/ AO/At « (l/n) X (<5n/(5T) X AL/d (2) 

wherein "T" is a temperature, A 0 is change of light beam angle (i.e. 
change of in-phase plane) when change of the temperature is At, 
and 6n/ 6t is change of refractive index of the waveguide, and the 
influences of the thermal expansion are ignored because they are 
smaller than the change of refractive index. The change of 
wavelengths to be demultiplexed in accordance with the temperature 
change is represented by the following formula. 

AA/At ' (AX n X d / nAL) X (A0/At) 

- < A/n ) X ( (5n / 6t) O) 



For example, a value of AA/At in silica glass to which titani 
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oxide (TiOj) is added is 0.01 (am/X:) . when n = 1.45, <5n/(5T = 1 
Xio-5, A -issonm. The optical part materials using such the channel 
waveguide array 3a are used under the temperature such as oX: to 
sot:, in general. 

As a result, the channel waveguide array 3a can not be used in 
practical system, because the wavelengths to be demultiplexed is 
shifted by 0.6nm at maximum in case that the temperature changes 
from ot: to eot: . In order to reduce the change of center wavelength 
due to temperature-reliability, it has been proposed that a 
wedge-shaped groove is provided in a part of the channel waveguide 
array 3a and an optical resin material is inserted in the groove. 

A conventional optical wavelength mul tiplexer/dimultiplexer in 
which a wedge-shaped groove having an optical resin material is 
provided is shown in Fig. 4. A value represented by the formula 
(2) has to be smaller than a value represented by the formula (3) 
to reduce the change of center wavelength due to the 
temperature -reliability. For the purpose, the wedge-shaped groove 
having a maximum width W is provided in a part of the channel waveguide 
array 3a and the optical resin material is inserted in the groove. 
As a result, the shift of demultiplexed wavelengths due to the 
temperature -reliability in in-phase plane is canceled. This 
situation is represented by the following formula which is derived 
from the formula (2) . 



(<5n/«5T) AL + (AL'X <5n'/<5T ) - 



(4) 



wherein AL ' is a width difference of each groove in channel waveguide 
array 3a and the channel waveguide has the width difference AL' 



»' 
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from its neighboring channel waveguide in this order, n' is a 
refractive index of the optical resin, and <5n'/<5T is a change of 
refractive index of the optical resin to temperature. For example, 
in case that a silicon resin is used as the optical resin material, 
dn'/6T is the following value. 

6n'/6T ^ —37 X 10'^ I*C*M 

The change ( (5n' / (5t) of refractive index of the silica glass reliable 
on temperature is nearly equal 1 X lO'^I.t:'^]' and therefore, A 
L'/AL is the following value. 

AL'/AL % 1 / 37 (5) 

The length difference A L of neighboring channel waveguide is 
approximately 100 

lira and hence, the width difference AL' of it is approximately 2 
Um. However, the number of channel waveguides in channel waveguide 

array 3a is 100 to 200 and hence, the maximum width W of the optical 

resin material 12 is AOOJim. 

The length of channel waveguide 3 is designed so that it becomes 

longer by same length difference A L from inside channel waveguide 

to outside channel waveguide. 

Accordingly, phase change amount O ( A } which light wave 
transmitting through channel waveguide 3 of i-th order from the 
most inside (shortest) channel waveguide 3 receives can be obtained 
by the formula based on the channel waveguide 3 existed in the most 
inside. 
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( A) = 27Cna • iAL/ A (6) 

wherein A is a wavelength of light wave in vacuum and n. is effective 
refractive index of channel waveguide 3. 

According to the formula, the effective refractive index of light 
wave in the vicinity of the connecting face of the channel waveguide 
3 and the output slab waveguide 6 declines depending on the wavelength, 
and the light wave subjected to the phase change by each channel 
waveguide 3 is interfered in the output slab waveguide 6 and the 
interfered wave is output from the output channel waveguide 7. 

In case that wavelength changes, the light-collecting position 
is shifted in the connecting face of the output slab waveguide 6 
and the output channel waveguide 8 , because a direction of the in -phase 
plane is different by wavelength. Accordingly, the light wave having 
different wavelength can be taken from each output channel waveguide, 
whereby light multiplex/demultiplex can be realized. The 
wavelength A emerged from the output channel waveguide 8 provided 
on a symmetrical axis 11 of the output slab waveguide 6 is represented 
by the formula. 

A-n.AL/m (7) 

wherein "m" is a diffraction degree. 

In case that a light circuit is constructed by a normal material, 
a refractive index of the material changes by therrao- optical effects 
due to temperature change to change n,, and a length of the channel 
waveguide 3 changes by a thermal expansion to change 
A L . Accordingly, the in-phase plane of light wave in the vicinity 
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Of the connecting face of the channel waveguide 3 and the output 
slab waveguide 6 declines depending on the temperature to change 
the output wavelength. 

On the other hand, in case that temperature changes by At in 
the light wave which is output from the output channel waveguide 
5 provided on a symmetrical axis 11 of the output slab waveguide 
6. the wavelength change amount A A is calculated by the formula 
(8) which is obtained by differentiating the formula (7) by 

AA - AL/mtdna/dT + na'l/AL -d(AL) /dT ] At 
- A/n.tdna/dT ♦ n. • 1/AL • d{AL)/dT]AT (8) 

If the light circuit is constituted by a silica material and dn, 
/ dT is equal to a temperature coefficient of the silica material 
in the formula (8), dn* / dT is nearly 1 x lO 'CC'M. 
1/AL • d (AL) /dT is nearly 5 x 10 ' and n. is nearly 1.45, and 
hence. A A/ At is nearly equal to 0.01 (nm/t:) when A is 1550 (nm) . 
Therefore, if the optical wavelength multiplexer/demultiplexer is 
used at 0 t: to 60 "C, its wavelength is shifted by 0 . 6 nm at maximum. 
It is impossible to use the multiplexer/demultiplexer as practical 
system under such wavelength sift, and it is necessary to control 
the temperature of light circuit in order to resolve the problems. 

An electric power has to be supplied to the channel waveguide 
array 3a using a silica material which has a temperature coefficient 
of approximately 0.01 (nm/t:) , because an active control system that 
the center wavelength is set by using a heater (not shown) or a 
Peltier element (not shown) is applied. Such system requires 
expensive cost. An optical wavelength multiplexer/demultiplexer 

8 
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using temperature -unreliable, channel waveguide array has been 
investigated (Inoue et al. , Shingakukai Sogo Taikai C-3-117 (1998) ) . 
According to the investigation, a groove {not shown) is formed on 
the channel waveguide array 3a by etching, and a resin material 
having a temperature coefficient opposite to that of silica is 
inserted in the groove to make the transmitting wavelength to be 
temperature-unreliable. Further, according to it, the center 
wavelength is not precisely adjusted by using a heater or Peltier 
element because a waveguide element is temperature ■ unreliable . 
Therefore, the input optical fiber 7a is directly connected to the 
end 2 5 of the input slab waveguide 5 as shown in Fig. 5, and the 
center wavelength is controlled by adjusting the connecting position 
of the fiber 7a. 

An example of conventional optical wavelength 
multiplexer/demultiplexer that the wavelength shift is reduced and 
the temperature control is omitted is shown in Fig. 4. a groove 
12 is provided on a part of the channel waveguide 3 and the material 
having different temperature coefficient of refractive index from 
that of light circuit is filled in the groove to cancel a decline 
of in-phase plane due to temperature. This is written in Y. Inoue 
et al . "A thermal silica-based arrayed- waveguide grating (AWG) 
multiplexer" ECOC 97 technical digest , pp. 33 to 36, 1997. However, 
according to the method, it is the problem that diffraction loss 
becomes more by the groove 12, because the groove 12 is provided 
in the way of the channel waveguide 3 having a two-dimensionally 
light -enclosing effect. 

The optical wavelength mul tiplxer/demultiplexer is shown in Fig. 
6, which is proposed to reduce the diffraction loss in the groove. 

9 
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The groove 2 0 is provided on the input slab waveguide 5 or the output 
slab waveguide 6 and the material having different temperature 
coefficient of refractive index from that of light circuit is filled 
in the groove . There are advantages that increase of the diffraction 
loss can be controlled, because it is one dimensional light that 
is shut in the slab waveguide 5, 6. 

In a conventional optical mulplexer/demultiplexer, if it is 
constructed by several hundreds of waveguides, the maximum width 
W of the wedge -shape groove reaches several hundreds Mm and thus, 
diffraction loss is increased and an additive loss of approximately 
4 to 6dB is generated. And, a groove width of not more than sub -micron 
meter, which is smoothly changed with high accuracy is required 
in order to obtain good demultiplex characteristics having small 
cross -talk. However, if the groove is provided in such wide range 
as conventional one. cross- talk is deteriorated because it is 
difficult to increase production accuracy of the groove. 

According to another conventional optical 

multiplexer/demultiplexer having the grooves 20 in the input slab 
waveguide 5 as shown in Fig. 6 and the channel waveguide array 3a 
as shown in Fig. 9, increase of the diffraction loss is not 
sufficiently protected because a width of the grooves in the input 
slab waveguide 5 has to be substantially same as those in the channel 
waveguide array 3a. Accordingly, it is difficult to constitute 
optical multiplexer/demultiplexer which is practically durable, 
and the problems in spectrum response of light wave occur . The degree 
of influence to the loss by the grooves 20 is shown in Fig. 7 {without 
groove 20) and Fig. 8 (with groove 20) in which design value is 
obtained by a beam propagation method . The minimum loss in the design 

10 
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value is set so that it is consistent with that in the measured 
value. In Fig. 7 (without groove 20) , the graph shape of the passing 
region (main loop) A in the design value is substantially same as 
that in the measured value, and the minimum loss is 4.3 dB. On the 
other hand, in Fig. 8 (with groove 2 0) , the graph shape of the passing 
region in the design value is broader than that in the measured 
value, and the minimum loss is 7,1 dB . 

The problem of the spectrum response is illustrated in Fig. 9, 
An aberration occurs between the light wave emanating from the point 
''O" corresponding to the exit of the input channel waveguide 7 and 
propagating in the vicinity of the center of the groove 20, and 
the light wave emanating from the point "O" corresponding to the 
exit of the input channel waveguide 7 and propagating apart from 
the center of the groove 20, because the refractive angles 0i and 
0 2 are different from each other. Accordingly, if the light wave 
emanates with keeping the aberration, the spectrum response of the 
light wave in the optical multiplexer/demultiplexer with the grooves 
provides more discrepancy than that in the optical 
multiplexer/demultiplexer with no groove. 

According to the conventional optical wavelength 
multiplexer/demultiplexer with the grooves 20 on the slab waveguide 
5 or 6 as the above illustration, it is difficult to keep the loss 
due to the groove 20 lower and problems exist in the spectrum response, 
and therefore, it is difficult to make practical use of it at present. 
Further, if the input optical fiber is directly connected to the 
end surface of the slab waveguide, there is a problem that it is 
hard to optimize distribution of electric fields to provide wide 
and flat band width or low cross -talk by introducing a Y-branch 
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type waveguide, a parabolic hone type waveguide or a taper type 
waveguide in front of the slab waveguide. And. when the optical 
fiber is set on the end surface of the slab waveguide, there is 
another problem that the discrepancy of the axis has to be within 
the range of sub/^m and several Mm in order to accurately set the 
center wavelength. 

SUMMARY OF THE INVENTION 

A first object of the invention is to provide an optical wavelength 
multiplexer/demultiplexer with a reduced additive loss and less 
deteriorated cross- talk. 

A second object of the invention is to provide an optical wavelength 
multiplexer/demultiplexer with less increase of loss caused by 
grooves and with optimized spectrum response. 

A third object of the invention is to provide a 
temperature -unreliable, optical wavelength 

multiplexer/demultiplexer capable of finely adjusting set of the 
center wavelength and optimizing electric field distribution of 
the signal lights in the channel waveguide array to expand a band 
width and to provide a flatter loss or to reduce a cross -talk. 

A fourth ob j ec t of the invention is to provide an optical wavelength 
multiplexer/demultiplexer capable of providing a flatter loss in 
a wider band width and accurately setting the center wavelength, 
and having low cross -talk. 

The objects of the invention can be attained in accordance with 
the each feature of the present invention. 

According to the feature of the invention, is an optical 
wavelength multiplexer/demultiplexer includes an optical 

12 
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wavelength multiplexer/demultiplexer including a substrate; an 
input channel waveguide provided on the substrate; an input slab 
waveguide of which one end is connected to the input channel waveguide ; 
a channel waveguide array of which one side is connected to the 
other side of the input slab waveguide and which has a plurality 
of channel waveguides, each of the plurality of channel waveguides 
differing in length from its neighboring waveguide by a predetermined 
amount; an output slab waveguide of which one side is connected 
to the other side of the channel waveguide array; and a plurality 
of output channel waveguides which are connected to the other side 
of the output slab waveguide; 

wherein said input slab waveguide or output slab waveguide having 
one of a temperature compensation material , in its light path, having 
an opposite sign of refractive index - temperature change to the 
plurality of channel waveguides; a material capable of canceling 
change in in-phase plane of light having each wavelength which occurs 
in the vicinity of the channel waveguide array and the slab waveguide, 
the material being provided in the curved form so that it may cross 
the light traveling direction, and a waveguide element for band 

width adjustment on which a waveguide to adjust band width of 

wavelength multiplexing light is provided. 

The thickness of the temperature compensation material provided 

on the input slab waveguide or output slab waveguide is thinner 

than the thickness of the temperature compensation material provided 

on the channel waveguide array. As a result, the additive loss and 

cross- talk are reduced. 

A preferred embodiment in the feature of the invention is that 

the temperature compensation material is a wedge-shaped 

13 
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multi -component glass material is provided in the light path of 
the input slab waveguide or output slab waveguide . Another preferred 
embodiment of the invention is that a wedge-shaped optical resin 
is provided in the light path of the input slab waveguide or output 
slab waveguide. 

A preferred embodiment of the invention is that the input slab 
waveguide or output slab waveguide is composed of a curved groove 
crossing the light traveling direction, and a filler which is filled 
in the curved groove and which has a temperature incline of refractive 
index different from that of the materials making up the input slab 
waveguide or output slab waveguide including the curved groove. 

It is preferred in the structure that the curved groove is provided 
so that a center of curvature in the wall surface of the groove 
exists in the vicinity of the face between the input slab waveguide 
and the input channel waveguide, or between the output slab waveguide 
and the output channel waveguide. It is preferred that the number 
of the curved grooves is a plurality, and that the curved grooves 
are disposed in the light traveling direction. It is preferred that 
a width of the groove is smaller and a plurality of the grooves 
are provided, because increase of the loss is restrained. 

As the examples of the material capable of canceling the change 
in in -phase plane of each wavelength light caused by temperature 
change and the filler which is filled in the curved groove, there 
are an optical resin including a silicon resin, an epoxy resin and 
apolymethyl methacrylate resin, or a multi - component glass material 
including sodium, potassium and calcium. As the examples of the 
material constituting the input and output slab waveguides, the 
input and output channel waveguides and the channel waveguides of 

14 
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the channel waveguide array is a silica material, in case that the 
slab waveguide made of the optical resin and the silica material 
is combined, particularly marked advantages can be obtained because 
the optical resin provides a negative refractive index- temperature 
change and the silica material provides a positive refractive 
index- temperature change, whereby the optical wavelength 
multiplexer /demultiplexer becomes temperature - unreliable , 

By the waveguide element for band width adjustment, set of the 
center wavelength is finely adjusted, electric field distribution 
of the signal light in the channel waveguide array is optimized, 
a band width is expanded, a flatter loss is provided and a cross - talk 
is reduced. The waveguide element for band width adjustment can 
be provided with the waveguide of which one end is expanded in the 
taper- shaped or in the parabolic hone-shaped toward light emanating 
side. In the structure, it is also possible that the input slab 
waveguide is divided into two parts , one of the divided parts existing 
in the entrance side thereof is provided with the waveguide element 
for band width adjustment, and the other of the divided parts existing 
in the emanating side thereof is provided on the substrate. And, 
the waveguide element for band width adjustment can be provided 
with a slit which exists in the waveguide thereof and is expanded 
in the entrance and emanating direction. 

In the structure, the optical wavelength 

multiplexer/demultiplexer can be provided with a plurality of 
additive waveguides in the vicinity of the waveguide element for 
band width adjustment and the output waveguides. It is preferred 
that each of the waveguide is temperature-unreliable. According 
to the structure, a position and a shape of the waveguide element 

15 
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for band width adjustment are optimized by providing it between 
the input optical fiber and the input slab waveguide, whereby 
adjustment of wave shape (e.g adjustment to wider band width) can 
be implemented. Further, by providing the additive waveguides 
between the waveguide for band width adjustment and the output 
waveguide, the center wavelength can be accurately set. even if 
the axis of the element is shifted when the element is fixed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Pig. 1 is a plan view showing a conventional optical wavelength 
multiplexer/dimultiplexer using a channel waveguide array. 

Fig. 2 is a vertical sectional view taken along the line a -a' 
of Fig. 1. 

Fig. 3 is a partially enlarged view showing the detail in the 
contact position of the channel waveguide array and the fan -shaped 
output slab waveguide of Fig. 1. 

Fig. 4 is a plan view showing another conventional optical 
wavelength multiplexer/dimultiplexer. 

Fig. 5 is a pane view showing other conventional optical wavelength 
multiplexer/dimultiplexer having the channel waveguide array of 
temperature unreliability. 

Fig. 6 is a plan view showing still other conventional optical 
wavelength multiplexer/dimultiplexer. 

Pig. 7 is a graph showing a relationship between a wavelength 
and a loss in a conventional optical wavelength 
multiplexer/dimultiplexer with no groove in output slab waveguide. 

Fig. 8 is a graph showing a relationship between a wavelength 
and a loss in a conventional optical wavelength 
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iltiplexer/dimultiplexer with a groove in output slab waveguide. 
Fig. 9 is a plan view showing Bpectrum response in a conventional 
optical wavelength multiplexer/dimultiplexer . 

Fig. 10 is a plan view showing the first embodiment of the 
temperature -unreliable, optical wavelength 

multiplexer/dimultiplexer in the invention. 

Fig. 11 is an illustrative view showing fundamental behavior in 
the temperature-unreliable, optical wavelength 

multiplexer/dimultiplexer shown in Fig. 10. 

Fig . 12 is a graph showing a relationship between a width of groove 
and a loss in the channel waveguide. 

Fig. 13 is a plan view showing the second embodiment of the 
temperature -unreliable, optical wavelength 

multiplexer/dimultiplexer in the invention. 

Fig. 14 is a plan view showing the third embodiment of the 
temperature -unreliable, optical wavelength 

multiplexer/dimultiplexer in the invention. 

Fig. 15 is a graph showing a relationship between a wavelength 
and a loss in the optical wavelength multiplexer/dimultiplexer of 
the third embodiment in the invention shown in Fig. 14. 

Fig . 16 is a plan view showing the fourth embodiment of the optical 
wavelength multiplexer/dimultiplexer in the invention. 

Fig . 17 is an enlarged plan view showing the input slab waveguide 
of the optical wavelength multiplexer/dimultiplexer shown in Fig. 
16. 

Fig. 18 is an enlarged plan view showing the curved groove of 
the optical wavelength multiplexer/dimultiplexer shown in Fig. 16, 
Fig. 19 is illustration view showing behavior of the curved groove, 
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in which (a) is a moving direction of optical wave and (b) is a 
graph of relationship between a distance to the wall of curved groove 
and an angle. 

Fig. 2 0 is a graph showing a relationship between the number of 
the curved groove and excess loss. 

Fig. 21 is a graph showing a relationship between the width of 
the curved groove and excess loss. 

Fig, 22 is a graph showing a relationship between the wavelength 
and the loss in the fourth embodiment of the invention. 

Fig. 23 is a plan view showing the fifth embodiment of the optical 
wavelength mul tiplexer/dimultiplexer in the invention. 

Fig. 24 is an enlarged plan view showing main parts in the optical 
wavelength mul tiplexer/dimultiplexer of the invention shown in Fig. 
23 . 

Fig. 25 is a vertical sectional view taken along the line B-B 
of Fig. 24. 

Fig. 26 is a vertical sectional view taken along the line A-A 
of Fig. 23. 

Fig, 27 is a graph showing a relationship between the wavelength 
and the loss in the fifth embodiment of the invention shown in Fig. 
23 . 

Fig. 28 is a plan view showing the sixth embodiment of the optical 
wavelength mul tiplexer/dimultiplexer in the invention. 

Fig . 29 is an enlarged plan view showing main parts in the optical 
wavelength mul tiplexer/dimultiplexer of the invention shown in Fig. 
28. 

Fig. 30 is a plan view showing parabolic hone- shaped waveguide 
element for band width adjustment in the invention. 
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Fig. 31 is a plan view showing taper- shaped waveguide element 
for band width adjustment in the invention. 

Fig. 32(a) is a plan view showing a seventh embodiment of the 
optical wavelength mul tiplexer/dimultiplexer in the invention. 

Fig . 32(b) is an enlarged plane view showing the waveguide element 
for band width adjustment in the invention shown in Fig. 32(a). 

Fig. 32(c) is a partially enlarged plan view showing the area 
A of the optical wavelength mul tiplexer/dimultiplexer in the 
invention shown in Fig. 32(a). 

Fig. 32(d) is an enlarged plan view showing the area B of the 
optical wavelength multiplexer/dimultiplexer in the invention shown 
in Fig. 32 (a) . 

Pig. 32(e) is a partially enlarged plan view showing the area 
C of the optical wavelength multiplexer/dimultiplexer in the 
invention shown in Fig. 32(a). 

Fig. 32(f) is a vertical sectional view taken along the line D-D 

of theoptical wavelength multiplexer/dimultiplexer in the invention 
shown in Fig. 32(a). 

Fig. 33 is a graph showing relationship between the input port 
number and the wavelength of divided wave of the optical wavelength 
multiplexer/dimultiplexer in the invention shown in Figs. 32(a) 
to 32(f). 

Fig. 34 is a graph showing a relationship between the wavelength 
and the loss in the optical wavelength multiplexer/dimultiplexer 
of the invention shown in Figs. 32(a) to 32(f). 

Figs . 35 (a) to 35 (c) are vertical views showing other embodiments 
of the waveguide element for band width adjustment in the invention 
shown in Figs. 32(a) to 32(f). 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The first embodiment of the optical multiplexer/demultiplexer 
in the invention which is unreliable on temperature is shown in 
Fig. 10. The channel waveguide array 3a having vertical sectional 
shape as shown in Fig. 2 is provided in the form of half circle 
on the substrate 1 made of a silica glass or silicon. The fan- shaped 
input slab waveguide 5 (input waveguide) and the fan- shaped output 
slab waveguide 6 (output waveguide) are connected to the opposite 
ends of the channel waveguide array 3a. One input channel waveguide 
7 is connected to the input slab waveguide 5 and a plurality of 
the output channel waveguides 8-1 to 8-8 are connected to the output 
slab waveguide 6. The wedge-shaped optical resin material 12 such 
as a silicon resin or epoxy resin as the temperature compensation 
material is provided in the input slab waveguide 5. Whether wider 
width side of the optical resin material 12 is provided in outside 
or inside of the channel waveguide array 3a is determined by a sign 
of refractive index- temperature change of the silica glass used 
as the core 2 . In Fig. 10, the wider width side of the optical resin 
material 12 is provided in outside of the channel waveguide array 
3a. 

A solid line is an in-phase plane at 0*C and a dotted line is 
an in-phase plane at 60X: in Fig. 11 as well as in Fig. 10. A light 
launched from the input channel waveguide 7 to the input slab waveguide 
5 propagates along the input slab waveguide 5 and reaches the optical 
resinmaterial 12 provided therein. In the case, the in-phase planes 
13 (at ot:) and 14 (at SO'C) of the input slab waveguide 5 existed 
in the incident side of the optical resin material 12 are in the 
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same position. On the contrary, the in-phase planes 15 (at ot:) 
and 16 (at 60*C) of the input slab waveguide 5 existed in the emanating 
side of the optical resin material 12 are set so that each position 
of the in-phase planes 9 (at O^C) and 10 (at 60*C} shown in Fig. 
10 is not changed. Thus, even if temperature changes, a 
temperature -unreliable, optical multiplexer/demultiplexer is 
obtained by making the refractive index- temperature change of the 
optical resin material 12 opposite to that of the waveguides in 
the input slab waveguide 5 and the channel waveguide array 3a. 

The light passed through the optical resin material 12 is launched 
to the channel waveguide array 3a and is passed through each core 
2. The in-phase planes at the exit of the channel waveguide array 
3a are constant, even if temperature changes. That is, even if 
temperature around the channel waveguide array 3a changes, a 
light -collecting position by each core 2 in the channel waveguide 
array 3a is not shifted and the demultiplexed wavelength changes. 
A result of quantitative consideration of optical 
multiplexer/demultiplexer of the invention will be explained below. 
In Fig. 11, an angle of the optical resin material 12 is "a" 
and an angle of light wave surface after the light is passed through 
the optical resin material 12 is " 6 " , Angles of the in-phase planes 
15 and 16 change, because a refractive index "n'" of the optical 
resin material 12 is different from a refractive index "n" of silica 
glass in the channel waveguide array 3a- The value "6" is given 
by the following formula. 

0 ' a (n' - n) / n' (9) 
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Wherein 6 (( l and a « 1. 

The formula is differentiated by temperature "T" to obtain the 
change in the angle "0" of the in-phase plane to the temperature 
as shown by the formula. 

AO/At = a(i / n') x (5n' / 6t) (10) 

wherein 5n' / (5 T » 6n / (5t and n' % n, because A 6 / At ^ 1.x 
10*^ and <5n' / (5t % —37 x 10"^[*C'^] 

From the formula (2) as above, the change "A 6 / At" in the angle 
of the in-phase plane to the temperature in the channel waveguide 
array 3a becomes 4 x 10"^ {rad/*C] r when Al - 120 Mm, n = 1.45, d 
n / 6t ^ 1 X 10'^[t: M and d - 120 Um. 

The angle "a" of the optical resin material 12 is 0.15 (rad) from 
the formula (10), when 6n' / 6t = —37 x 10'^[*C'^J . When a length 
"H" of the optical resin material 12 is 60 Mm, a width of the 

optical resin material 12 is 9 Mm which is much smaller than 
conventional value (400 Mm) . 

A relationship between the width of the groove and the loss of 
wavelength characteristics in the channel waveguides is shown in 
Fig. 12. The loss is exponential- functionally increased to the 
width of the groove as shown in Fig. 12. Accordingly, the loss is 
much reduced in case that the width of the groove is smaller in 
the invention. A function to enclose the light exists only in the 
direction of the thickness of the waveguides (in other words, it 
does not exist in the direction of the width) . Therefore, even if 
the light diffracts in some extent by the optical resin material 
12, the loss is only in the light power emanating to the upper and 
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lower directions of the cladding. As a result, the loss in the 
direction of the thickness can be controlled to the value of not 
more than 0.2 dB and the loss is much reduced in comparison with 
conventional optical multiplexer/demultiplexer. 

The second embodiment of the temperature -unreliable, optical 
multiplexer/demultiplexer in the invention is shown in Fig. 13, 
in which an optical resin material 12 is used instead of the optical 
resin material 12 shown in Fig. 10. In Fig. 13, the fan- shaped 
input slab waveguide 5 is divided into two (i.e. slab waveguides 
5A and 5B) , a slit is provided therebetween, and the optical resin 
material 12 is provided in the slit. Silicon and epoxy resin are 
used as the optical resin material 12. whether wider width side 
of the optical resin material 12 is provided in outside or inside 
of the channel waveguide array 3a can be determined by the same 
manner as in the optical resin material 12 in Fig. 10. 

The third embodiment of the temperature -unreliable, optical 
multiplexer/demultiplexer in the invention is shown in Fig. 14, 
in which a multi - component glass material 18 is used as a temperature 
compensation material instead of the optical resin material 12 in 
Fig. 13 . Themulti-componentglassmaterial 18 whichhas a refractive 
index of n' % 1.55 and a temperature coefficient of <5n' / dT =t 
— 10 X 10*^ is fixed in the slit 26 by an optical adhesive. The wider 
width side of the multi -component glass material 18 is set so that 
it is located in the outside (longer side) of the channel waveguide 
array 3a in Fig. 14, and whether wider width side of the 
multi -component glass material 18 is provided in outside or inside 
of the channel waveguide array 3a can be determined by refractive 
index- temperature change characteristics of the multi -component 
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glass material 18 and refractive index- temperature change 
characteristics of the silica glass in the channel waveguide array 
3a. In the embodiment, the wider width side of the roulti - component 
glass material 18 is located in the outside (longer side) of the 
channel waveguide array 3a , because the refractive index- temperature 
change characteristics of the multi -component glass material 18 
is opposite to the refractive index - temperature change 
characteristics of the waveguides in the channel waveguide array 
3a. Whole fundamental behavior in Fig. 14 is same as in Fig. 11. 

An angle " a " of the multi - component glass material 18 is 0.36 
{rad) from the formula (7), when A 6 / At - 4 x 10'^, Al - 120 M 
m, n - 1.45, 6n / <5 T % 1 x 10"^ , dn' / 6t % —10 x 10"^ and d 
- 120 Urn. In the case, when a length "H" of the multi -component 
glass material 18 is 60 Atm, amaximum width "W" of the multi -component 
glass material 18 is 33 /Zm which is much smaller than conventional 
value (400jum) . 

As shown in Fig. 12, the loss in the channel waveguides is 
exponential - functionally increased to the width of the groove by 
the diffraction of the light. Accordingly, the loss is much reduced 
because the volume to be occupied in the multi -component glass 
material 18 is smaller in the invention. A function to enclose the 
light exists only in the direction of the thickness of the waveguides 
(in other words, it does not exist in the direction of the width) 
in the fan -shaped input slab waveguide 5 to which the multi -component 
glass material 18 is fixed. Therefore, even if the light is 
diffracted in some extent by the multi - component glass material 
18, the loss is only in the light power emanating to the upper and 
lower directions of the cladding. As a result, the loss in the 
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direction of the thickness can be controlled to the value of not 
more than 0.5 dB . 

A graph of the wavelength- loss characteristics of the optical 
wavelength mul tiplexer/dimul tiplexer of the third embodiment in 
the invention is shown in Fig. 15, 

A graph of the wavelength- loss characteristics with the 
mul ti -component glass material 18 is shown in Fig 15(a) and a graph 
of the wavelength-loss characteristics without the mul ti -component 
glass material 18 is shown in Fig 15 (b) • It is apparent from Fig . 15 (a) 
that temperature change of demultiplexed wavelength is very small 
by using the mul ti - component glass material and that the reduced 
loss is realized because the change of the loss which is found in 
Fig. 15(b) is not found in the passing region. Further, it is not 
necessary to form grooves in the wide range in comparison with 
conventional one, and deterioration of cross- talk does not cause 
because highly precise surface treatments of not more than 0.01 
tim can be done by abrasion, etc. 

In the embodiments of the invention as above, the optical resin 
material 12 and the mul ti - component glass material 18 are provided 
in the input slab waveguide 5, but they can be provided in the end 
of the output slab waveguide 6 . The input slab waveguide 5 is divided 
into two parts to provide therein the optical resin material 12 
and theraulti - component glass material 18 therein, but is not limited, 
and the groove is made, for example, by a laser treatment • 

The fourth embodiment of the optical multiplexer/demultiplexer 
in the invention will be explained in Fig. 16 . in Fig. 16, "la" 
designates a substrate on which the core of silica having a light 
circuit is provided and then a cladding layer of silica is provided 
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as shown in Fig. 2; "3a" designates a channel waveguide array in 
the center of the light circuit, which is constituted by a plurality 
of curvature channel waveguides 3; "7" designates an input channel 
waveguide provided in the input end of the channel waveguide array 
3a; "8" designates an output channel waveguide provided in the output 
end of the channel waveguide array 3a; "5" designates an input slab 
waveguide provided between the input channel waveguide 7 and the 
channel waveguide array 3a; "6" designates an output slab waveguide 
provided between the channel waveguide array 3a and output channel 
waveguide 8 . Aplurality of wedge-shaped curved grooves 20 is formed 
in the input slab waveguide so that they may cross a traveling 
direction of the light wave. A filler 21 of silicon resin is buried 
in the groove 20. A length of the slab waveguide 5, 6 each is 25 



mm . 



The optical wavelength multiplexer/demultiplexer which are 
explained above as the embodiments of the invention has the 
characteristics capable of controlling temperature reliability 
which has been serious problems in the field. The principal of the 
temperature-unreliability will be explained below. 

The silicon resin which is used as the filler 21 has a minus or 
negative temperature -reliability of refractive index and hence, 
the refractive angle of the light wave passing through the curved 
groove 20 filled with the silicon resin changes according to a 
temperature change. An in-phase plane is declined due to the 
temperature change in the vicinity of boundary between the input 
slab waveguide 5 and the channel waveguide array 3a. The amount 
of the decline cancels the amount of decline in the in-phase plane 
made by propagating the channel waveguide array 3a. As a result, 
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the in-phase plane is faced to constant direction without decline, 
whererby temperature-unreliability in the vicinity of boundary 
between the input slab waveguide 5 and the channel waveguide array 
3a is realized. 

Temperature-unreliable conditions will be quantitatively 
explained. In the optical wavelength multiplexer/demultiplexer, 
a wavelength A of light wave output from the output channel waveguide 
8 provided on symmetrical axis 11 of the output slab waveguide. 6 
is represented by the formula, 

A « (na Al + na (5 r ) / ra (ii) 

wherein "na" is an effective refractive index of the channel waveguide 
3, "na" is an effective refractive index of the input slab channel 
waveguide 5, "m" is the number of a diffraction degree, and " d 
is each length difference of the light wave propagating from the 
exit E of the input channel waveguide 7 through the input slab 
waveguide 5 to the entrance I of the channel waveguides 3 in its 
neighboring waveguide. 

The entrance I of all the channel waveguides 3 is substantially 
same distance from the exit E of the input channel waveguide 7. 
If the groove 20 does not exist, a distance between the exit E of 
the input channel waveguide 7 and the entrance I of the channel 
waveguides 3 is same in every channel waveguide 3, and <5 r becomes 
o/ In case that the light wave is refractive due to the curved grooves 
20 in the embodiment of the invention, and hence, 6r does not become 
0. A temperature coefficient of the wavelength A is represented 
by the formula by differentiating the formula (11) by T. 
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dA/dT » Al / m [ dna / dT + '1 /AL-d{AL) / dT + 

1 /Al • d(n8<5r ) / dT ] (12) 
Accordingly, the temperature - unreliable condition of A is 
represented by the formula, 

dna / dT + Ha •! / AL-d(AL) / dT + 1 / AL-d(n8(5r ) / dT ] « 0 
(13) 

wherein dCn, fir) / dT is determined by position of the groove, shape 
of the groove and refractive index of the optical resin filled in 
the groove . 

A position and shape of the curved grooves 20 for the 
temperature-unreliability are 

introduced by calculating (nafir ) / dT as follows. 

The input slab waveguide 5 is enlarged in Fig. 17 to introduce 
fir. The point "O" corresponds to the exit E of the input channel 
waveguide 7. An arc "h" is a curve on which the entrance I of the 
channel waveguides 3 is arranged and if the groove 20 does not exist 
on the input slab waveguide 7, it is coincident with the in-phase 
plane of light wave input from the input slab waveguide 7. 

In case that the groove 20 is provided in the vicinity of the 
point ''O'" and the direction of light wave is rotated by an angle 
"9" based on the point "O"', in-phase plane effective to the arc 
"h" in which the groove 2 0 does not exist is an arc "h'" which is 
obtained by rotating the arc "h" by angle " 6 . in case that the 
angle " 0 " is small, the length of light wave from symmetrical axis 
11 of the input slab waveguide 5 to the entrance I of the channel 
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waveguides 3 in the direction of an angle " ^ " increases by A r 
6 0) which is a distance of the point P and the point Q in coinparison 

with no groove. Ar0{V, d) is represented by the formula. 

Ar0(^, 6) = rw^sin ^ (14) 

wherein r„ is a distance of the point *0" and the point "C" (i.e. 
from the exit E of the input channel waveguide 7 to the groove 20).. 
In the calculation, the value of 0 appears to be quite small in the 
first degree and is ignored in the second and later degrees. The 
length difference " 6 r" of light wave between the neighboring channel 
waveguides is represented by the formula. 

6r - Ar,, ( V+A^, 6) - Ar^(V, 9) 

^ r^e A^ (15) 

A rotating angle 0 in the traveling direction of light wave by 
the curved groove will be explained. An enlarged parts of the curved 
grooves 2 0 are shown in Fig, 18. 

The grooves are filled with filler 21 composed of silicon resin 
having a refractive index n^ [=?^ ns (a refractive index of materials 
constituting the input slab waveguide) ] . Accordingly, an angle of 
in -phase plane changes as the light wave is passed through the each 
groove 20, and the angle 0 does not become 0. 

0 % (nw + na) Of/ ris (16) 
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Wherein each center angle in "n"-th number of groove ±s Gi , # 
'\ a„, and a«ai + ojj + + oc^. 

And, d(n8(5r ) / dT which is obtained by the formulae (15) and (16) 
is represented by the formula, 

dA/dT = rwAV„ [dnw /dT -dns /dT + (n„ - ns ) 1/r • drw/dT] 
(17) 

The condition of temperature-unreliability with respect to the 
position rw of the grooves 20 and the sum a of the center angles 
is obtained by combination of the formula (13) with the formula 
(17) , and is represented by the formula. 

dna / dT + na "1 /Al • d( Al) / dT 
rw a - Al/A^^ ~ (18) 

dns /dT — dnw /dT + (hb - n^ ) 1 /AL*d(AL) / dT 

wherein 1/r • dr„/dT is 1 /AL*d(AL) / dT. 

In the parameters of the embodiments, Al is 66.5 [Mm], At/? is 
0.046 [deg] , the material of the light circuit is silica material, 
na and na each is nearly 1,45, dna / dT and 

dns /dT is nearly 1 x 10*^[*C M, and 1 /AL-d(AL) / dT is nearly 
5 X 10'^[*C*M . From the formula (18) , the product of the distance 
r^ between the exit E of the input channel waveguide and the grooves 
20, and the sum a of the center angles becomes 128 [deg] , in case 
that rw is 10 [mm] and a is 12.8 [deg] . 

One groove among a plural of the curved grooves 20 is shown in 
Fig . 19 (a) . A wall surface Wn which is near the exit E of the input 
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channel waveguide 7 and a wall surface Wf is far from the exit E 
of the input channel waveguide 7 each has its center of curvature 
in the vicinity of the exit E of the input channel waveguide 7. 
In case that an angle ^changes from the point "O" which is the position 
5 of the exit E of the input channel waveguide 7, a distance from 
the exit E of the input channel waveguide 7 to the wall surfaces 
Wn and Wf changes in a straight line as shown in Fig. 19(b). 

It is possible that the refractive index 0 1 of the light wave 
propagating in the vicinity of the center of the groove 20 makes 
10 equal to the refractive index 0 2 of the light wave propagating apart 
from the center of the groove 20, and hence, it is hard to generate 
the aberration. As a result, spectrum response of the light wave 
is kept in substantially same level as in the case with no groove 
20. 

15 A relationship between the number of the groove 20 and the excess 

loss is shown in Pig. 20, in case that the sum aof the center angles 
of the grooves 2 0 is constant . As the number of the grooves increases , 
the excess loss increases, but the degree of the increase in excess 
loss is reduced, as the number of the grooves increases* The reason 

20 is that as the number of the grooves Increases, the width of each 
groove is made smaller because the space is limited, and that 
waveguides between the grooves act as function of lens because the 
interval between a plural of the grooves is optimized « 

Influences to the excess loss due to the width of the grooves 

25 20 are shown in Fig. 21. As the width of the grooves increases, 
the excess loss abruptly increases. In case that the sum ttof the 
center angles is same, the light wave emanating in the angle ^ from 
the exit E of the input channel waveguide 7 passes through the groove 
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20 so that total of distances to pass therein is same. Accordingly, 
as the width of one groove is smaller, total of excess loss can 
be controlled. 

It is the same thing to form excessively more grooves as the fact 
that the area of the grooves become larger. It should be careful 
because a distance rw between the exit Eof the input channel waveguide 
7 and the predicted position O' of the grooves can not be consistent 
with actual position to provide the grooves 20. in the embodiment, 
the number of the grooves 20 is 12 in consideration of the fact. 

The wavelength loss characteristics in optical wavelength 
multiplexer /demultiplexer 

of the embodiment having the above structure are shown with a design 
value by a beam propagation method in Fig. 22. In Fig. 22, the graph 
is set so that the minimum loss in the design value is consistent 
with the minimum loss in the measured value. 

According to the graph, the shape of the passing range (main loop) 
A is substantially same as that of the design value, and the minimum 
loss (4.7 dB) is low, which is substantially same as the loss (4.3 
dB) in the characteristics of optical wavelength 
multiplexer/demultiplexer with no groove in Fig. 19 . It is apparent 
from Fig. 22 that the advantages are obtained by forming the curved 
grooves 20 in the input slab channel waveguide 5 . Similar advantages 
can be obtained by forming the curved grooves 20 in the output slab 
channel waveguide 6 . 

The fifth embodiment of optical wavelength 

multiplexer/demultiplexer 19 using channel waveguide array 3a in 
the invention is shown in Fig, 23. 

The optical wavelength multiplexer/demultiplexer 19 is composed 
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of a waveguide element 22 for bandwidth adjustment which is connected 
to an input optical fiber 7a for inputting wavelength- division 
multiplex signal lights and in which the waveguides are provided 
to adjust the band width of the wavelength multiplexed signal, and 
an element 3 3 of temperature -unreliable channel waveguide array 
which is connected to the waveguide element 22 and which outputs 
the wavelength-division multiplex signal lights to be input from 
the input optical fiber 7a that is demultiplexed to each channel. 

The waveguide element 22 for adjustment of band width is arranged 
to form a slit -shaped waveguide 28 which is a band width adjustment 
means as shown in Figs. 24 and 25. In the slit- shaped waveguide 28, 
the waveguide core 2 is expanded in the taper form toward the emanating 
direction of light, and the slit 26 extending to the incident and 
emanating direction in the center (width) of the core 2 is formed. 
The slit 26 is formed by covering with the cladding 4, 

In Fig. 25, the waveguide element 22 is composed of a substrate 
1 made of silica, a buffer layer 29 provided thereon, a waveguide 
core 2 provided on the buffer layer 29 and having a refractive index 
(1.4 692) higher than that of the buffer layer 9, and a cladding 
4 provided on the slit- shaped waveguide 26 and having a refractive 
index (1.4574) lower than that of the core 2. The core 2 is made 
by using a photolithography and etching method of the covered glass 
layer, and the cladding 4 is made by using a flame covering method. 
The waveguide element 22, as illustrated later, is connected to 
the end surface 25 of the slab waveguide 5 in the element 33 of 
temperature -unreliable channel waveguide array, in Fig. 26, the 
element 33 of temperature -unreliable channel 

waveguide array is composed of a buffer layer 29 provided on a 
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substrate 1, and a waveguide core 2 and a cladding 4 provided on 
the buffer layer 29 similar to the waveguide element 22. In Figs. 
23 and 26, the element 33 has an input slab waveguide 5 to which 
an input optical fiber 7a for inputting wavelength- division 
multiplex signal lights is connectable at the end surface 25 of 
the substrate 1, a channel waveguide array 3 which is composed of 
a plurality of channel waveguides differing in length from its 
neighboring waveguide by a predetermined amount, an output slab 
waveguide 6 connected to the channel waveguide array 3, and an output 
channel waveguide 8 connected to the output slab waveguide 6 and 
separately outputting each of multiplexed signal lights. A 
connecting position of the input optical fiber 7a to the input slab 
waveguide 5 is adjustable. 

The input slab waveguide 5, the channel waveguide array 3, the 
output slab waveguide 6 and the output channel waveguide 8 are made 
by the waveguide core 2, respectively. To the output channel 
waveguide 8, output optical fibers 8a are connected, respectively. 

The channel waveguide array 3 has a groove (not shown) on the 
waveguides, in which a resin having a temperature coefficient 
opposite to that of quarts glass is inserted to make it 
temperature -unreliable , 

In order to reduce the amount of reflected lights, connecting 
end surfaces between the input optical fiber 7a and the element 
22, between the element 22 and the element 33 and between the element 
33 and the output optical fiber 8a are obliquely grinded at an angle 
of 8 * . The design parameter of the temperature -unreliable 
wavelength multipl exer 'demul tip lexer 19 is a demul tiplexed interval 
of 100 GHz and a channel of 16. The multiplexer/demultiplexer is 
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prepared by connecting the waveguide element 22 for band width 
adjustment to the input optical fiber 7a, connecting the output 
channel waveguide 8 of the element 33 of temperature-unreliable 
channel waveguide array to the output optical fiber 8a, and then 
5 connecting the element 22 to the input slab waveguide 5a of the 
element 33 of temperature -unreliable channel waveguide array. In 
case that the element 22 is connected to the element 33, the element 
22 is adjusted in a direction x along the end surface 25 of the 
slab waveguide 5 and is adhered to the end surface 25 in a position 

10 that center wavelength is coincident with each other, while the 
output light in the output channel waveguides 8 is observed. The 
transmitting wavelength is filled with the international standard 
by this detailed adjustment. A wave- form adjustment of the 
transmitting light is made by optimizing a structure of the waveguide 

15 element 22 for band width adjustment, because the element 22 is 
connected to the slab waveguide 5. 

A wave form of flatter loss in a wider band width is obtained by 
using the slit -shaped in the waveguide for band width adjustment 
as shown in Fig, 27 . It has not been realized by conventional system 

20 in which the input optical fiber 7a is directly connected to the 
end surface of the slab waveguide 25. The wave form obtained by 
the embodiment of the invention is similar to that of conventional 
multiplexer/demultiplexer shown in Fig. 5 

In themul tiplexer/demultiplexer 19 shown in Fig . 28 , the waveguide 

25 element 22 for band width adjustment and the input slab waveguide 
5 are modified. The input slab waveguide 5 is divided into two parts 
of light incident side and light emanating side, A piece 30 of the 
light incident side is wholly combined in the waveguide element 
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22 for band width adjustment and a piece 31 of the element 22 is 
wholly combined in the element 33 of temperature-unreliable channel 
waveguide array. 

As shown in Figs. 28 and 29, the waveguide element 22 for band 
width adjustment 

is formed by connecting the piece 30 of the light incident side 
in the input slab waveguide 5 to the emanating side of the slit-shaped 
waveguide 28 . The piece 3 0 is adhered to the piece 31 while a position 
is adjusted, and the waveguide element 22 is connected to the 
wavelength multiplexer/demultiplexer 19 in the input slab waveguide 
5. 

In the embodiment, a center wavelength is finely adjusted by moving 
the element 22 in a direction x along the divided surface 32 of 
the slab waveguide 5 and the slit- shaped band width adjustment means 
is provided in front of the slab waveguide . The wave form of flatter 
loss in a wider band width is obtained. 

The invention is not limited to the above embodiments in which 
the slit is introduced into the waveguide element 22 for band width 
adjustment, but any other band width adjustment means utilizing 
a distribution of electric field on a boundary of the slab waveguide 
canbe applied to the invention. For example, a parabolic hone- shaped 
waveguide 23 in which the waveguide is expanded to the emanating 
direction is provided on the element 22 as shown in Fig. 30, and 
a taper -shaped waveguide in which the waveguide is expanded to the 
emanating direction is provided on the element 22 as shown in Fig, 
31 . 

The optical wavelength multiplexer/demultiplexer of the sixth 
embodiment in the invention shown in Fig . 32 is composed of a substrate 

36 



CA 02315458 2000-08-09 



1 (e.g. silica substrate), an input slab waveguide 5 to input a 
wavelength-division multiplex signal light from an input optical 
fiber 7a, provided on the substrate 1, a channel waveguide array 
3a which is composed of a plurality of waveguides having a waveguide 
length difference Al from its neighboring waveguide and which 
demultiplexes wavelength-division multiplex signal lights, and an 
output slab waveguide 6 connected to the array 3a, a plurality of 
output channel waveguides 8 connected to the output slab waveguide 
6 and to output the demultiplexed signal lights to output optical 
fibers 8a, a waveguide element 22 for band width adjustment provided 
between the input optical fiber 7a and the input slab waveguide 
5 and an additive waveguides 5a, 6a provided in the vicinity of 
the element 22 for band width adjustment and the output channel 
waveguide 8. In Fig. 32, the number "29" is a buffer layer, ''2" 
is a waveguide core, and "4" is a cladding. 

While the end surface in output side of the input slab waveguide 
5 is in the arc form, 

the input side of the input slab waveguide 5 is in the linear form 
so that it is same as the surface of the substrate 1. 

The waveguide element 22 for band width adjustment is composed 
of a substrate la which is the same material as that of substrate 
1, an additive waveguide 5a and input channel waveguide 7, the end 
of which is connected to an input optical fiber 7a, and an slab 
waveguide 27 which is connected to the other end of the additive 
waveguide 5a and input channel waveguide 7. While the end surface 
in input side of the slab waveguide 27 is in the arc form, the other 
end surface in the output side of the slab waveguide 27 is in the 
linear form so that it is same as the surface of the substrate la. 
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In the element 22, the core 2 exposed on the end surface in the 
output side of the slab waveguide 27 is optically connected to the 
core 2 on the end surface in the input side of the input slab waveguide 
5. 

5 According to the multiplexer/demultiplexer 19 of the embodiment 

in the invention, the element 22 for band width adjustment provided 
between the input optical fiber 7a and the input slab waveguide 
5 is optimized in its position and shape, whereby the wave form 
adjustment such as broad band width is done. Further, the additive 

10 waveguides are provided in the vicinity of the element 22 and the 
output channel waveguides 8 , whereby center wavelength is accurately 
set because a combination of the waveguides can be changed even 
if aberration is in axis when the element is fixed with the input 
optical fiber 7a and the input slab waveguide 5. 

15 The design parameter of the temperature -unreliable wavelength 

multiplexer-demultiplexer 19 is a demultiplexed interval of 0 . 8nm 
(100 GHz) and a channel of 16. 

A pitch (Axi) of the waveguide in the boundary of the waveguide 
element 2 2 for band width adjustment and the input slab waveguide 

20 5 is 21 Mm, and a pitch (AX2) of the waveguide in the boundary of 
the output slab waveguide 6 and the output channel waveguides 8 
is approximately 20 Mm. In case that the element 22 is connected 
to the output slab waveguide 5, aberration of approximately 5 GHz 
(wavelength of 0.04 nm) in demultiplexed wavelength occurs if 

25 position aberration is , forexample, 1 Mm in a direction x • However, 
the pitch (Axi) of the waveguide in the input channel waveguide 
7 is 1,05 times as much as the pitch (Ax2) of the waveguide in the 
output channel waveguide 8 and if the input channel waveguide 7 
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is shifted by one port, light frequency demultiplexed to the output 
channel waveguides 8 is shifted to approximately 105 GHz (wavelength 
of 0.84 nm). For the reason, the frequency of several GHz (wavelength 
of several ten nm) in demulplexed wavelength is finely adjusted. 
In the embodiment, the total number of the output channel waveguides 
8 and the additive 

waveguides 6a is 13 and the number of the additive waveguides 6a 
in both sides of the output side is 12. That is, the number of the 
additive waveguides 6a and the output waveguides 8 to be extended 
to the output side is 28. 

A Y-branch structure is introduced into the waveguide element 
2 2 for band width adjustment to broaden the band width. The element 
22 is connected to the output slab waveguide 5 of the optical 
wavelength multiplexer /demultiplexer using 

temperature -unrelliable channel waveguide array. The connection 
of the element 22 is finely adjusted by moving in the direction 
X to satisfy the transmitting wavelength with the international 
standard. In order to reduce the amount of reflected lights, 
connecting end surfaces between the input optical'^f iber 7a and the 
element 22, between the element 22 and the input slab waveguide 
5 and between the output waveguide 8 and the output optical fiber 
8a are obliquely grinded at an angle of s"" . 

In the waveguide element 22 for band width adjustment and the 
optical wavelength multiplexer/demultiplexer, a substrate 1, la 
is silica, a refractive index of the core 2 is 1.4692 and a refractive 
index of the cladding 4 is 1.4574. The core 2 is made by using a 
photolithography and a etching method of the covered glass layer, 
and the cladding 4 is made by using a flame covering method. The 
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substrate 1, la is not covered with the buffer layer 29, if the 
substrate is silica. 

The detailed adjustment of the center wavelength which has not 
been realized can be done by selecting a combination of the input 
5 and output port to change the transmitting wavelength at a step 
of approximately 0.04 nm as shown in Pig- 33. 

A wave form of flatter loss in a wider band width is obtained by 
using the Y branch -structure in the waveguide for band width 
adjustment , It has not been realized by conventional system in which 
10 the input optical fiber is directly connected to the end surface 
of the slab waveguide. The wave form obtained by the embodiment 
of the invention is similar to that of conventional 
multiplexer/demultiplexer shown in Fig. 5 

The optical wavelength multiplexer/demultiplexer having the 
15 demultiplexed interval of 100 GHz and the channel number of 16 is 
explained as the embodiment of the invention, but the invention 
is not limited to the embodiment because the demultiplexed interval 
and the channel number can be optionally varied . Further, a parabolic 
hone structure as shown in Fig. 35(a), a MMI structure as shown 
20 in Fig. 35(b) and a taper structure as shown in Fig. 35(c) can be 
used instead of the Y branch structure as the wave guide element 
for band width adjustment. 

According to the embodiment of the invention, adjustments such 
as broadening of the band width are possible by providing the element 
25 for band width adjustment provided between the input optical fiber. 
And, the additive waveguide is provided in the element for band 
width adjustment, whereby center wavelength is accurately set 
because a combination of the waveguides can be changed even if 
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aberration is in axis when they are fixed with each other. 

As well explained above, the optical wavelength 
multiplexer/demultiplexer of the invention provides advantages set 
out below. 

According to the first feature of the invention, because the 
temperature compensation material provided in the light path of 
the fan -shaped input slab waveguide or the fan- shaped output slab 
waveguide has a sign of refractive index- temperature change opposite 
to that of the plurality of the channel waveguides, it functions 
to cancel the refractive index- temperature change to in the channel 
waveguide array. Therefore, an angle in the in-phase plane of output 
light in the channel waveguide array is not changed regardless of 
the temperature change around the channel waveguide array as well 
as the case that the filling material is provided in the channel 
waveguide array. The thickness of the temperature compensation 
material is less by providing it in the input slab waveguide or 
output slab waveguide. As a result, the additive loss and cross - talk 
are reduced. 

Further, since the optical resin or the multi - component glass 
material, each of which corrects an angle change in the in-phase 
plane of the channel waveguide array due to the temperature change, 
is provided in the input slab or output slab waveguide, its size 
is smaller than that in the channel waveguide array. As a result, 
the additive loss are much reduced. And, a width of groove can be 
accurately controlled because it is not necessary to provide with 
the groove in a wide range, whereby deterioration of the cross -talk 
is much reduced. 

According to the second feature of the invention, the input slab 
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waveguide or output slab waveguide containing, in its parts, a curved 
material capable of canceling the change in the in-phase plane of 
each wavelength light which occurs in a vicinity of the face between 
the channel waveguide array and the output slab waveguide, or as 
5 the concrete structure, the input slab waveguide or output slab 
waveguide is composed of a curved groove crossing with the light 
traveling direction and filled with a filler which has a temperature 
incline of refractive index different from that of the materials 
making up the slab waveguide. As a result, the increase of the loss 
10 is restrained and the most optimized spectrum response is provided 
in the optical wavelength multiplexer/demultiplexer. 

According to the third feature of the invention, it is finely 
adjusted to set the center wavelength, and it is realized to optimize 
the electric field distribution, to expand the band width, to provide 
15 the flatter loss and to reduce the cross -talk. 

According to the fourth feature of the invention, the optical 
wavelength multiplexer/demultiplexer capable of providing the 
flatter loss, accurately adjusting set of the center wavelength 
and reducing the cross -talk can be provided. 

20 



42 



CA 023154S8 2000-08-09 



WHAT IS CLAIMED IS: 

1. An optical wavelength multiplexer/demultiplexer including 
a substrate; an input channel waveguide provided on the substrate; 
an input slab waveguide of which one end is connected to the input 
channel waveguide; a channel waveguide array of which one side is 
connected to the other side of the input slab waveguide and which 
has a plurality of channel waveguides, each of the plurality of 
channel waveguides differing in length from its neighboring 
waveguide by a predetermined amount; an output slab waveguide of 
which one side is connected to the other side of the channel waveguide 
array; and a plurality of output channel waveguides which are 
connected to the other side of the output slab waveguide; 

wherein said input slab waveguide or output slab waveguide 
having one of a temperature compensation material, in its light 
path, having an opposite sign of refractive index- temperature change 
to the plurality of channel waveguides; a material capable of 
canceling change in in-phase plane of light having each wavelength 
which occurs in the vicinity of the channel waveguide array and 
the slab waveguide, the material being provided in the curved form 
so that it may cross the light traveling direction; and a waveguide 
element for band width adjustment on which a waveguide to adjust 
band width of wavelength multiplexing light is provided. 

2 . The optical wavelength multiplexer/demultiplexer according 
to Claim 1, wherein the plurality of channel waveguides are a silica 
glass which has a positive temperature coefficient, and the 
temperature compensation material is a multi -component glass or 
optical resin, which has a negative temperature coefficient. 

3. The optical wavelength multiplexer/demultiplexer according 
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to Claim 1. wherein the temperature compensation material is a 
wedge-shaped multi -component glass material which is provided in 
a light path of the input slab waveguide or output slab waveguide. 

4. The optical wavelength multiplexer/demultiplexer according 
to Claim 3, wherein the wedge-shaped multi -component glass material 
is provided in a slit- shapeded in the input slab waveguide or output 
slab waveguide. 

5 . The optical wavelength multiplexer/demultiplexer according 
to Claim 4, 

wherein the wedge-shaped slit is provided so that it may divide 
input slab waveguide or output slab waveguide into two in the direction 
of the light path. 

6 . The optical wavelength multiplexer/demultiplexer according 
to Claim 3 , wherein the wedge- shaped multi -component glass material 
is provided so that its wider width side is placed in the direction 
of longer channel waveguide of the channel waveguide array. 

7. The optical wavelength multiplexer/demul tiplexer according 
to Claim 3, 

wherein the substrate is a silica glass or silicon. 

8. The optical wavelength multiplexer/demultiplexer according 
to Claim 1, 

wherein the temperature compensation material is a wedge-shaped 
optical resin material. 

9. The optical wavelength multiplexer/demul tiplexer according 
to Claim 8, 

wherein the optical resin material is a silicon resin or epoxy resin, 

10. The optical wavelength multiplexer/demultiplexer 
according to Claim 8, wherein the optical resin material is provided 
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SO that its wider width side is placed in the side of longer channel 
waveguide of the channel waveguide array. 

11. The optical wavelength multiplexer/demultiplexer 
according to Claim 1, 

wherein the input slab waveguide or output slab waveguide is composed 
of a curved groove crossing the light traveling direction, and a 
filler which is filled in the curved groove and which has a temperature 
incline of refractive index different from that of the materials 
making up the input slab waveguide or output slab waveguide including 
the curved groove. 

12. The optical wavelength multiplexer/demultiplexer 
according to Claim 11, 

wherein the curved groove is provided so that a center of curvature 
in the wall surface of the groove exists in the vicinity of the 
input slab waveguide and the input channel waveguide, or the output 
slab waveguide and the output channel waveguide. 

13. The optical wavelength multiplexer/demultiplexer 
according to Claim 12, 

wherein the curved groove includes a plurality of the curved grooves 
which are disposed in the light traveling direction. 

14. The optical wavelength multiplexer/demultiplexer 
according to Claim 11, 

wherein the filler is an optical resin including a silicon resin, 
an epoxy resin and a polymethyl methacrylate resin, or a 
multi -component glass material including sodium, potassium and 
calcium. 

15. The optical wavelength multiplexer/demultiplexer 
according to Claim 11, 
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wherein the filler is composed of the optical resin, and the input 
slab waveguide or output slab waveguide which has the curved groove 
is composed of a silica material. 

16. The optical wavelength multiplexer/demultiplexer 
according to Claim 1, 

wherein the input slab waveguide has the temperature compensation 
material , the material capable of canceling change in in-phase plane 
of light having each wavelength or the waveguide element for band 
width adjustment. 

17. The optical wavelength multiplexer/demultiplexer 
according to Claim 16, 

wherein the waveguide element for band width adjustment is provided 
in an input side of the input slab waveguide. 

18. The optical wavelength multiplexer/demultiplexer 
according to Claim 16, 

wherein the waveguide element for band width adjustment is provided 
between the input channel waveguide and the input slab waveguide. 

19. The optical wavelength multiplexer/demultiplexer 
according to Claim 17, 

wherein the waveguide element for band width adjustment has the 
waveguide which is expanded in the taper -shaped toward light 
emanating side. 

20. The optical wavelength multiplexer/demultiplexer 
according to Claim 17, 

wherein the waveguide element for band width adjustment has the 
waveguide which is expanded in the parabolic hone- shaped toward 
light emanating side. 

21- The optical wavelength multiplexer/demultiplexer 
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according to Claim 17, 

wherein the input slab waveguide is divided into two parts, one 
of the divided parts existing in the entrance side thereof is provided 
with the waveguide element for band width adjustment, and the other 
of the dividedparts existing in the emanating side thereof is provided 
on the substrate. 

22. The optical wavelength multiplexer/demultiplexer 
according to Claims 19, 20 and 21, wherein the waveguide element 
for band width adjustment is provided with a slit which exists in 
the waveguide thereof and is expanded in the entrance and emanating 
direction. 

23. The optical wavelength multiplexer/demultiplexer 
according to Claim 18, 

wherein a plurality of additive waveguides are provided near the 
waveguide element for band width adjustment and the output waveguide . 

24. The optical wavelength multiplexer/demultiplexer 
according to Claim 18 or 23, wherein the waveguide each is a 
temperature-unreliable waveguide . 
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ABSTRACT OF THE DISCLOSURE 

An optical wavelength multiplexer/demultiplexer including a 
substrate, an input channel waveguide provided on the substrate, 
an input slab waveguide of which one end is connected to the input 
channel waveguide, a channel waveguide array of which one side is 
connected to the other side of the input slab waveguide and which 
has a plurality of channel waveguides, the plurality of channel 
waveguides each of which differs in length from its neighboring 
waveguide by redetermined amount, an output slab waveguide of which 
one aide is connected to the other side of the channel waveguide 
array, and a plurality of output channel waveguides which are 
connected to the other side of the output slab waveguide, said input 
slab waveguide or output slab waveguide having a temperature 
compensation material, in its light path, having an opposite sign 
of diffraction temperature change to the plurality of channel wave 
guides, 

a material capable of canceling change in in-phase plane of light 
having each wavelength which occurs on a vicinity of the channel 
waveguide array and the slab waveguide, the material being provided 
in the curved form so that it may cross the light traveling direction, 
or a waveguide element for band width adjustment on which a waveguide 
to adjust band width of wavelength multiplexing light is provided. 
According to the optical wavelength multiplexer/demultiplexer of 
the invention, the following advantages can be obtained; 
an angle in the in-phase plane of output light in the channel waveguide 
array is not changed regardless of the temperature change around 
the channel waveguide array, 

the increase of the loss is restrained, the most optimized spectrum 
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response is provided, 

a setting of the center wavelength is finely adjusted, 

the electric field distribution is most optimized, 

the band width is expanded, 

the flatter loss is reduced, and 

the cross -talk is reduced. 



49 



CA 0231S4S8 2000-08-09 



1/17 



FIG. 1 PRIOR ART 




FIG. 2 PRIOR ART 




FIG. 3 PRIOR ART 



CA 0231S4S8 2000-08-09 



2/17 



FIG. 4 PRIOR ART 




FIG. 5 PRIOR ART 19 

30 



CA 02315458 2000-08-09 



3/17 

FIG. 6 PRIOR ART 



3 



20 




FIG. 7 PRIOR ART 



DESIGN VALUE 




1546 1547 1548 1549 
WAVE LENGTH ( nm ) 



CA 0231S4S8 2000-08-09 



4/17 



FIG. a PRIOR ART 




ol 1 . ■ , 

1546 1547 1548 1549 

WAVE LENGTH ( nm ) 



FIG. 9 PRIOR ART 



5 
20 

DIRECTION OF 
LIGHT WAVE 




CA 02315458 2000-08-09 



5/17 

FIG. 10 



3 




CA 0231S4S8 2000-08-09 



6/17 



FIG. 12 




WIDTH OF GROOVE ( ) 



FIG. 13 



i 



12. 



CA 0231S4SS 2000-08-09 



7/17 

FIG. 14 



4 




FIG. 15(0) FIG. 15(b) 




W I 1 1 1 U 1 . ^ 

1540 1541 1542 1540 1541 1542 

WAVE LENGTH ( nm ) WAVE LENGTH ( nm ) — 



CA 0231S4S8 2000-08<09 




FIG, 17 



CA 0231S4S8 2000-08-09 



9/17 



FIG. 18 





CA 0231S4S8 2000-08-09 



10/17 



FIG. 20 




NUMBER OF GROOVE 



FIG. 21 




WIDTH OF GROOVE ( m ) 



CA 023154S8 2000-08-09 



11/17 







F 16.26 

22 



CA 0231S4S8 2000-08-09 



13/17 

FIG. 27 




5 ■ 

0 I 1 1 1 t , 

1535 1540 1545 1550 1555 1560 1565 

WAVE LENGTH ( nm ) 



FIG. 28 



CA 0231S4S8 2000-08-09 




FIG. 30 





CA 023154S8 2000-08-09 



_ , _ . 15/17 

FIG. 32(a) 19 




FIG. 32(d) 




FIG. 32(f) 



22, FIG. 32(b) 




FIG. 32(c) 

.6a 




FIG. 32(e) 




CA 023154S8 2000-08-09 



16/17 



1— 
— a.» — 












o ^ 












OUTF 


rO 

»— 

£^ 
























niiTD 
UUIr 

IIT c' 


-> 










a 
t 

c 


ruu 1 r 

UT6" 
























OUTP 


OO 
























OUTP 
NT ml 


> 










1 — — 












OUTP 
JT 12 












OUTPI 

* 


fO 
1— 












OUTPI 



CM — O CD OO 



to 



( UiU ) 3AVM aaaiAia dO Hi9N313AVM 



CA 023154S8 2000-08-09 



17/17 

FIG. 34 




1555 1540 IS4S 1550 1S5S 1560 1565 

WAVE LENGTH ( nm ) 



FIG. 35(a) 



FIG. 35(b) 




FIG. 35(c) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the apphcant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 
Zi^ADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

[^I^LOR OR BLACK AND WHITE PHOTOGRAPHS 

□ OlAY SCALE DOCUMENTS 
LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



